ABSTRACT: The vertical distribution of planktonic ciliates and nanoplankton was investigated in 3 types of oceanic waters in the western P a c~f~c .
INTRODUCTION
Planktonic ciliates are abundant and ubiquitous in every ocean (Pierce & Turner 1992) . They are known to ingest picoplankton or bacterioplankton (Sherr & Sherr 1987 , Bernard & Rassoulzadegan 1990 ) and nanoplankton (Gifford 1985 , Verity 1985 . Some microplankton, in a size range similar to or larger than the planktonic ciliates, can also serve as ciliate prey (Wessenberg & Antipa 1970 , Ishiyama et al. 1993 . Previous studies on the standing crops and feeding activities of planktonic ciliates have demonstrated that they can be the dominant heterotrophs in the microbial loops (Sorokin 1981 , Porter et al. 1985 . Lynn & Montagnes (1991) compared bacterioplankton biomass with ciliate biomass reported from a variety of marine environments and found a poor correlation between the two on a logarithmic scale. On the other hand, a n Present addresses:
'Faculty of Fisheries, Nagasaki University, Nagasaki 852, Japan "Sendai Municipal Institute of Public Health, Sendai 983, Japan analysis of biomasses of ciliates and nanoplankton in the North Atlantic Ocean revealed a significant negative correlation between autotrophic nanoplankton and ciliates but a non-significant correlation between heterotrophic nanoplankton and ciliates (Stoecker et al. 1994b ). However, there are few data on nanoplankton and ciliates for the oligotrophic open ocean, where the role of microbial components may be more important. This study analyzes the relationship between both components based on the data sets obtained by consistent investigations in the western Pacific Ocean.
Planktonic ciliates, except for the autotrophic Mesodinium rubrum, are classified as heterotrophs or mixotrophs , Suzuki & Taniguchi 1993 . Although both may feed on heterotrophic nanoplankton, the latter require autotrophic nanoplankton to continuously sequester functional chloroplasts (Stoecker et al. 1988 , Stoecker 1991 . Therefore, w e considered quantitative relationships for the following 4 pairs: between total ciliates and total nanoplankton, between heterotrophic ciliates and total nanoplankton, between mixotrophic ciliates and total nanoplankton, and between rnixotrophic ciliates and autotrophic nanoplankton.
METHODS
Water samples were collected with a CTD-Rosette Multi Sampler from 6 to 12 layers in the top 100 or 200 m of the water column in 3 types of oceanic waters of the western Pacific, i.e. spring subarctic (6 stations), fall subarctic (3 stations) and subtropical (6 stations) waters on 3 cruises of RV 'Hakuho Maru' (Fig. 1, Table 1 ). Vertical profiles of water temperature were recorded with the CTD. A total of 131 water samples were analyzed to determine chlorophyll a (chl a ) concentration by a fluorometric method (Strickland & Parsons 1972) and abundances and size composition of nanoplankton and ciliate communities. Plankters of 2 to 20 pm in equivalent spherical diameter (ESD) were categorized as nanoplankton except ciliates less than 20 pm in ESD which were counted as ciliates.
For the nanoplankton cell enumeration, 25 to 50 m1 aliquots were fixed with glutaraldehyde (0.5% final concentration) and stained with proflavine (0.00066 % final concentration) and then filtered onto a black prestained Nuclepore polycarbonate filter (0.6 pm pore size, 25 mm diam.) (Haas 1982) . The filter was mounted on a slide and kept frozen at -80°C until examination. Slides were examined with an epifluorescence microscope (Nikon Optiphoto) at 1000x with B-excitation light (line spectra of 405 and 435 nm and continuous spectrum around 490 nm). More than 50 cells in the dozens of randomly selected microscopic fields were counted for the spring subarctic samples, and over 100 fields for fall subarctic and subtropical samples, which were equivalent in sample size to 0.03-1.6 m1 for the spring subarctic water (detection Limit: 600 cells 1-l) and to 0.12-0.48 m1 for the fall subarctic and subtropical waters (detection limit: 2000 cells 1-l). Cell size was measured simultaneously for individual cells. Nanoplankton cell carbon was calculated based on Strathmann's (1967) 
Water samples for ciliate cell counts were fixed with neutralized formaldehyde (2% final concentration). Counts and size measurement were done by Utermohl method using an inverted epifluorescence microscope (Olympus IMT-2) at 200x on 100 m1 (detection limit: l@ cells !-l) and ce!! vo!ume was calculated individually. The cell volume was converted to carbon biomass by using the factor of 0.14 pg C pm-3 (Putt & Stoecker 1989) . Mixotrophic ciliates were identified by possession of chlorophyll pigments with bright red fluorescence under a B-excitation, which is different from the spotted and faded red emjssion of the autotrophic plankton in food vacuoles of d a t e s . Mesodinium rubrum, if any, were omitted because of their autotrophic mode and absence of feeding relationship with nanoplankton (Lindholm 1985) . 
RESULTS
Autotrophic nanoplanktonic populations consisted of pigmented flagellates and diatoms. The flagellates always predominated over the diatoms in abundance and biomass. All heterotrophic nanoplankters were heterotrophic flagellates. Both auto-and heterotrophic nanoplankton were dominated by small cells, less than 4 pm in ESD. The mixotrophic ciliates observed were dominated by cells of around 30 pm ESD. Heterotrophic cillates consisted of both, aloricate forms and tintinnids, the aloricate forms predominated in abundance and biomass over tintinnids in most samples. The dominant size of the heterotrophic ciliates was around 20 pm in ESD.
Standing crops in abundance (A,) and biomass (B,) of total ciliates in spring subarctic water (50 to 2540 cells I-', 4.89 X 104 to 6.32 X 106 pg C I-') were larger than those in fall subarctic (<l080 cells I-', ~1 . 2 7
X 106 pg C I-') and subtropical waters (c570 cells I-', ~1 . 5 9
X 106 pg C I-'). Abundance of total nanoplankton (A,) showed a different trend, being higher in subtropical (1.45 X 105 to 3.18 X 106 cells 1-l) than in fall subarctic (7.5 X 104 to 2.76 X 106 cells 1-l) and spring subarctic waters (7.2 X 104 to 1.97 X 106 cells 1-l) (Table 1) . However, in terms of biomass, nanoplankton (B,) in spring subarctic (2.45 X 105 to 4.92 X 107 pg C 1-l) was h g h e r 
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The relationship between heterotrophic ciliates and total nanoplankton (Fig. 3) was almost the same as that between total ciliates and total nanoplankton, since abundance (Ahc) and biomass (Bhc) of heterotrophic ciliates were generally higher in spring subarctic (50 to 1900 cells 1-l, 4.89 X 104 to 5.22 X 106 pg C 1-l) than in fall subarctic (<g60 cells 1-l, <1.16 X 106 pg C I-') and subtropical waters (<350 cells 1-', <1.12 X 106 pg C 1-') ( Table 1) Spring subarctic water; (e) fall subarctlc water, (A) subtropical water 0.478 X Bnoa6' (r = 0.77, p < 0.001, n = 125). The correlation coefficient in biomass (r = 0.77) was significantly higher (p < 0.001) than in abundance (r = 0.50).
Slight differences were observed in standing crop of mixotrophic ciliates over 3 oceanographic regimes, i.e. the highest values of rnixotrophic ciliate abundance ( A , , ) were 1190, 120 and 420 cells 1-' and those of biomass (B,,)were3.51x106,4.67x105and1.28x106pgC1-1in spring subarctic, fall subarctic and subtropical waters, respectively (Table 1) . Mixotrophic ciliates did not correlate well with total nanoplankton in both abundance and biomass (Fig. 4) . Overall regression of A , , on A, ex- 106 cells 1-' and 1.09 X 105 to 3.54 X 107 pg C 1-' in spring subarctic, 2 x 10"o 2.49 X 106 cells I-' and 3.96 X 10' to 8.71 X 106 pg C 1-' in fall subarctic and 5.5 X 105 to 2.85 X 1O6 cells I-' and 1.09 X 10' to 2.37 X 10' pg C I-' in subtropical waters (Table 1) .
Correlations of total ciliates and heterotrophic ciliates to chl a concentration were high. These coefficients (r) on logarithmic scales were 0.83 (p < 0.001. n = 124) in abundance and 0.81 (p < 0.001, n = 124) in biomass of total ciliates and 0.79 (p <0.001, n = 123) in abundance and 0.77 (p c 0.001, n = 123) in biomass of heterotrophic clliates, when the samples with zero chl a concentration and zero ciliate abundance or biomass were excluded. On the other hand, that between mixotrophic ciliates and chl a concentration was not high: 0.57 (p < 0.01, n = 92) in abundance and 0.49 (p c 0.05, n = 92) in biomass.
DiSCUSSION
Standing crops of ciliates observed in this study were <2540 cells 1-' in abundance, or 16.32 X 106 pg C 1-' in biomass. These values are comparable to those reported from other oceanic waters. In Georges Bank in July, mean ciliate abundance in the water column above the depth of 1 % light level was 580 to 13 153 cells 1-' ). In the East China Sea in August, ciliate abundance and biomass in the top 200 m were 30 to 3040 cells 1-' and 2.02 X 104 to 1.07 X 107 pg C I-', respectively (Ota 1995) . In the northwestern Indian Ocean during September and October, mean values of ciliate abundance and biomass in the euphotic zone were respectively 31 to 823 cells 1-' and 1 X 105 to 1.2 X 106 pg C 1-' (Leakey et al. 1996) .
Abundance and biomass of nanoplankton observed in this study were 7.2 X 104 to 3.18 X 106 cells 1-' and 1.01 X 105 to 4.92 X 107pg C I-', respectively. These values are also comparable to previously reported values from oceanic waters. In the Sargasso Sea during October and November, nanoplankton abundance in the top 20 m was 6.9 X 105 to 1.38 X 106 cells 1-' (Caron 1983) . In the Antarctic Ocean in March, average stand.ing crop of nanoplankton in the surface water was 6.02 X 105 cells I-], or 2.97 X 106 pg C I-' (Ishiyama et a.1. 1993) .
Shrinkage and l~s s of cells due to fixation and preservation are serious problems in measurements of volume and abundance of ciliate cells. Fixation with 1 % buffered formaldehyde causes significant shrinkage of the cells to 80-86% of live volume (Choi & Stoecker 1989 ). Loss of cells by addition of formaldehyde is up to 20% of live counts (Dale & Burkill 1982) . Even so, formaldehyde is reported to cause less shrinkage than other fixatives such as glutaraldehyde and acid Lugol's (Choi & Stoecker 1989) and is considered to be the most appropriate fixative for exa.mination of chlorophy11 pigments contained in mixotrophic ciliates (Stoecker et al. 1994a) . The ciliate cells examined in this study were subjected to such artifacts. However, correlations between ciliates and nanoplankton are likely valid, because the same fixation procedure was consistently employed throughout this study.
The correlation between ciliates and nanoplankton in biomass was strong (r = 0.81, p c 0.001, n = 126) when all the data from the top 100 or 200 m of the water column are pooled (Fig. 2B) . Correlation coefficients between them were also significantly high when the water column was divided into the surface layer shallower than 50 m (r = 0.64, p c 0.002, n = 67) and the underlying layer (r = 0.80, p c 0.001, n = 59) (Fig. 6 ). This indicates that standing crops of ciliates and nanoplankton CO-vary geographically in a similar manner in both the layers, according to water types.
Planktonic ciliates are known to consume primarily both nanoplankton (Gifford 1985 , Verity 1985 and picoplankton (Sherr & Sherr 1987 , Bernard & Rassoulzadegan 1990 . Standing crops of total ciliates and heterotrophic ciliates are correlated with nanoplankton at the community level (Figs. 2 & 3) . Since the correlation coefficients were larger when the standing crops were expressed in biomass, their predator-prey linkage might be very tight in the oceanic waters. Correlations between ciliates and picoplankton (bacterioplankton) were unknown in this study, because the latter was not measured. It is reported that the standing crop of bacterioplankton is stable over seasonal scales in various aquatic environments (e.g. Wright & Coffin 1984 , Tanaka et al. 1997 ) and this may explain the fact Total nanoplankton (pg C I-') that the correlation between ciliates and picoplankton in bioinass over various sea areas is poor (r = 0.14, n = 87) (Lynn & Ivlontagnes 1991) .
Mixotrophic ciliates did not show significant correlations with either total nanoplankton or autotrophic nanoplankton (Figs. 4 & 5) . Very few mixoti-ophic ciliates below the detection limit were frequently counted in deeper layers. Mixotrophic ciliates might be more or less selective feeders as they sequester the chloroplasts of particular types of algae (Jonsson 1987 , Stoecker & Silver 1987 , Stoecker 1991 , which remain functional (Jonsson 1987) . If such a stenophagous character of mixotrophic ciliates is the case, differential vertical distributions of different nanoplankters (Furuya & Marunlo 1983 , Olson et al. 1991 are likely the main reason for the lack of a significantly positive relationship between mixotrophic ciliates and total nanoplankton as well as autotrophic nanoplankton at the comn~unity level.
Whether prey organisms control size of predator populations or predator organisms control size of prey populations is an interesting question. If nanoplankton control ciliates, positive relationships are observed between the two (Casol 1994) . Although this study does not cover many components such as picoplankton, nanoplankton feeders other than ciliates and predators on ciliates, the strong positive correlations of the total ciliates and the heterotrophic ciliates on the nanoplankton are evldent (Figs. 2 & 3) . Size of the ciliate populations at community level is, as a whole, llkely to be controlled in bottom-up manner by nanoplankton in open ocean. This trend ind~cates that the situation in the open ocean is possibly different from those in some coastal waters where top-down control on ciliate popul a t i o n~ by metazoan predators prevails (e.g. Smetacek 1981 , Dolan 1991 , Nielsen & Kiarboe 1991 , Kivi et al. 1993 .
